Phylogenetic relationships among 4 subspecies of Neotoma floridana and sister species from the United States and Mexico were examined using DNA sequence data from the mitochondrial DNA cytochrome b gene. Parsimony, likelihood, and neighbor-joining analyses support the recognition of N. f. magister as a distinct species (N. magister). Populations of eastern woodrats from the southern and western United States also possessed relatively high levels of sequence divergence (5.3%), which may be indicative of ongoing divergence between these populations. These findings support conclusions from previous studies and add clarity to the biogeographic processes influencing evolution and diversification of this group of rodents.
The genus Neotoma (woodrats) is composed of 4 subgenera (Neotoma, Teonopus, Hodomys, and Teonoma) and 23 species (Edwards et al. 2001; Hall 1981) . Three of the subgenera are monotypic, whereas the subgenus Neotoma contains 20 species and 97 subspecies. Consequently, most of the taxonomic and systematic investigations concerning woodrats have involved members of the subgenus Neotoma. Four species groups within the subgenus Neotoma (albigula, floridana, lepida, and mexicana) have been recognized (Hall 1981) .
Although each species group constitutes a relatively complex assemblage of taxa, the primary focus of recent investigations has involved the Neotoma floridana species group. Historically, the N. floridana species group included N. floridana and N. micropus (Hall 1981) ; however, Edwards et al. (2001) erected a new N. floridana species group that included N. floridana, N. goldmani, and N. albigula Hayes and Harrison 1992; Hayes and Richmond 1993) , N. magister was elevated to specific status from its former position as a subspecies of N. floridana. Therefore, it appears that N. magister represents the 4th member of the N. floridana species group.
Eight subspecies of N. floridana currently are recognized (Hayes and Harrison 1992) ; however, other arrangements have been suggested (Birney 1973; Finley 1958; Hall 1981 ). This species is distributed throughout much of the southeastern United States into central Texas and western Colorado and as far north as southern New York. Two subspecies, N. f. baileyi in northern Nebraska and N. f. smalli on Key Largo, Florida, have disjunct distributions. Goldman (1910) recognized a ''pennsylvanica-group,'' in which he included N. pennsylvanica and N. magister, which was known at that time only from cave deposits. The names N. magister and N. pennsylvanica subsequently were considered to be synonymous (Poole 1940) . Burt and Barkalow (1942) detected no morphologic differences between bacula of N. magister and those of other members of N. floridana and concluded that those 2 taxa were likely conspecific. An assessment of cranial and external morphology of Neotoma from the eastern United States (Schwartz and Odum 1957) resulted in the observation that differences between N. magister and other members of the genus were reflective of gradual clinal variation with no apparent evidence of a break in the size gradient between taxa. Based on findings presented from those 2 studies, N. magister was relegated to a subspecies of N. floridana. More recently, based on analyses of mitochondrial DNA restriction sites, Hayes and Harrison (1992) concluded that populations of N. f. magister clearly were distinct from other members of N. floridana, and they recommended elevation of N. f. magister to specific status. Hayes and Richmond (1993) reanalyzed cranial morphology and noted significant differences between N. magister and southern members of N. floridana. They interpreted those differences as sufficient to warrant species status for N. magister. Hayes and Harrison (1992) noted that additional studies were needed to more fully evaluate the taxonomic status of several groups within N. floridana and boundaries between lineages. Systematic status of the Allegheny woodrat, N. magister, has been of particular concern primarily because of the dramatic decline in numbers of this species in the northern part of its range (Balcom and Yahner 1996; Hicks 1989 ). Therefore, our goals were to test the monophyly of the N. floridana species group, evaluate the phylogeography of N. floridana by examining 4 subspecies from geographically and ecologically distinct regions, access levels of genetic differentiation within the N. floridana species group, and evaluate the systematic status of N. magister in the context of the phylogenetic species concept (Cracraft 1983 (Virginia and West Virginia) , N. micropus, and N. mexicana were included as reference samples. N. cinerea (subgenus Teonoma) and N. alleni (subgenus Hodomys) were used as outgroup taxa. Specimens were collected from natural populations, or tissues were borrowed from collaborative institutions ( Fig. 1 ; Appendix I). When possible, multiple individuals were examined per taxon to verify sequence accuracy and evaluate geographic distribution of genetic entities.
Data collection.-Mitochondrial DNA was extracted from liver and purified using the Wizard Miniprep kit (Promega, Madison, Wisconsin). The entire cytochrome b gene was amplified using the polymerase chain reaction (Saiki et al. 1988 ) with the following parameters: 39 cycles of 92ЊC (15 s) denaturing, 50ЊC annealing (1 min), and 72ЊC (1 min, 10 s) extension, followed by 1 cycle of 72ЊC (4 min). Amplification reactions were performed in 50-l volumes, 10 mM Tris-HCl pH 8.3, 50 mM KCl, 2 mM MgCl 2 , 1-M primer concentration, and 1.25 U of Taq (Fisher Scientific, Pittsburgh, Pennsylvania). PCR primers (MVZ05 and H15915) were those used by Irwin et al. (1991) . The amplified products were purified with silica gel using QIAquick PCR Purification Kit (Qiagen, Valencia, California).
Amplicons were sequenced with dye-labeled terminators and about 60-80 ng of DNA using cycle-sequencing conditions of 95ЊC (30 s) denaturing, 50ЊC (20 s) annealing, and 60ЊC (3 min) extension. Eight primers were used in the sequencing protocol: 2 (MVZ05 and H15915) that were used in the PCR amplification (Irwin et al. 1991) , 3 (400R, 700L, and WDRAT 1100) were reported in Peppers and Bradley (2000) , and 3 (400F, WDRAT 650, and CWE1) were designed specifically for members of the genus Neotoma (Edwards et al. 2001) . Following 25-29 cycles, reactions were ethanol precipitated. Sequences for heavy and light strands were analyzed using the ABI-Prism 310 Genetic Analyzer (PE Applied Biosystems, Foster City, California). Sequences were aligned and proofed using Sequencher 5.0 software (Bromberg et al. 1995) .
Data analysis.-Maximum parsimony analyses were conducted using PAUP* (Swofford 1999) . Robustness and nodal support in all parsimony analyses were evaluated using 1,000 bootstrap iterations (Felsenstein 1985) and Bremer support indices (Bremer 1994) calculated with the Autodecay analysis program (Eriksson 1997) . Variable nucleotide positions were treated as unordered, discrete characters with 4 possible character states: adenine (A), cytosine (C), guanine (G), and thymine (T). Uninformative characters were excluded from all parsimony analyses, and N. alleni and N. cinerea were used as outgroup taxa.
Several weighting schemes were used in parsimony analyses. Those included equal weighting and downweighting of transitions by a factor of 7.5. The downweight of 7.5 was inherent to the ingroup and was calculated from the average transition : transversion (ti:tv) in pairwise comparisons. First-, 2nd-, and 3rd-position substitutions were weighted differentially using the ratio of 4.7:21.8:1 (calculated from the actual ratio of changes per position). Nucleotide sequence data were weighted using MacClade (Maddison and Maddison 1992) and subsequently analyzed using the maximum parsimony option of PAUP.
Genetic distances were calculated using the Tamura-Nei (Tamura and Nei 1993) model of evolution. Those distances were used to construct neighbor-joining trees (Saitou and Nei 1987) using PAUP. The gamma version for the Tamura and Nei model also was used to assess the effect of among-site variation on the tree topology.
Maximum-likelihood analyses included estimation of parameters (ti:tv ratios and gammashape parameters) for the HKY85-⌫ model of evolution (Hasegawa et al. 1985) . The model parameters estimated for the most parsimonious tree(s) were used for subsequent maximum-likelihood searches following Sullivan et al. (1997) . Analyses used empirical base compositional biases, 10 random input orders, and the tree-bisection-reconnection (TBR) method of branch swapping.
The Kishino-Hasegawa (1989) test was used to test for significant differences among tree topologies. That approach included pairwise testing of the equally weighted, downweighting of transitions by a factor of 7.5, positional weighting (4.7:21.8:1), genetic distance, and likelihood topologies.
RESULTS
The complete cytochrome b gene (1,143 bp) was examined for 10 taxa (24 individ- uals), and 247 characters were determined to be potentially phylogenetically informative. The average nucleotide frequencies were as follows: A, 31.9%; C, 29.5%; G, 12.7%; and T, 26.0%. Comparisons of nucleotide substitutions for members of the ingroup revealed that transitions were 7.5 times more common than transversions. Substitutions per nucleotide position were calculated for ingroup taxa and resulted in 42 substitutions in the 1st position, 9 in the 2nd, and 196 in the 3rd, generating the position ratio of 4.7:21.8:1.
When informative characters were equally weighted, the 4 most parsimonious trees were generated. A strict consensus tree (Fig. 2) (Fig. 2) .
Analyses in which transitions were downweighted by a factor of 7.5 produced 2 most parsimonious trees. A strict consensus tree was produced that required 1,770 steps and possessed a CI of 0.725 and an RI of 0.857. That tree possessed an identical topology to that obtained from the equally weighted analysis (Fig. 2) . All nodes possessed high bootstrap and Bremer support values similar to those present in Fig. 2 .
The differential weighting scheme in which nucleotide positions within codons were weighted using the ratio of 4.7:21.8:1 resulted in 4 most parsimonious trees with the resulting strict consensus tree being 1,576 steps in length, possessing a CI of 0.692 and an RI of 0.846. The resulting topology was identical to the 3 major clades obtained in the previous analyses. Support values were similar to those obtained in the equally weighted analysis.
Genetic distances (Table 1) The maximum-likelihood analysis used the HKY85-⌫ model of evolution with a ti: tv ratio ϭ 7.5 and gamma-shaped parameter ϭ 0.181 (Hasegawa et al. 1985) . The topology obtained in that analysis was identical to that seen in the parsimony and neighbor-joining analyses (Fig. 2) .
Tree topologies obtained from the parsimony, genetic distance, and likelihood analyses were examined using the KishinoHasegawa test (1989) . No significant differences (P ϭ 0.05) were detected among topologies.
DISCUSSION
The 4 subspecies of N. floridana formed 2 distinct clades (Fig. 2 ) in all analyses, regardless of the weighting scheme or models of nucleotide substitution used. One clade contained subspecies (N. f. attwateri and N. f. osagensis) from Missouri, Oklahoma, and Texas. This ''western'' clade is strongly supported by bootstrap and Bremer support values, although relationships among various taxa were supported weakly or dissolved under different weighting strategies. The 2nd clade (''southern'') contained 2 subspecies (N. f. floridana and N. f. rubida) from Mississippi and South Carolina. In all analyses, western and southern clades formed a sister group followed by the addition the samples of N. magister from Virginia and West Virginia (3rd clade).
Average genetic distances (Table 1) . albigula, N. leucodon, N. micropus, and N. mexicana ranged from 9.3% to 13.7% (Edwards et al. 2001; this study) .
Comparison to other data sets.-To date, 4 studies have included sufficient numbers of N. floridana subspecies to address phylogenetic relationships among these taxa and assess the phylobiogeography of the eastern United States. Initially described by E. A. Goldman (1910) as distinct species (N. magister), Burt and Barkalow (1942) opined that the separation of N. magister from N. floridana was unjustified. The authors hypothesized that the overall similarity in bacular morphology shared between those 2 taxa was evidence of conspecificity. Schwartz and Odum (1957) reviewed distribution and characteristics of the eastern woodrats and presented support for inclusion of N. magister as a subspecies of N. floridana. They determined that morphologic differences between N. magister and N. floridana had been exaggerated in previous studies because most specimens of N. magister available in collections had come from the northern part of the range of that taxon. Furthermore, they concluded that cranial and pelage features indicated a north-south cline with differences between populations being consistent with subspecific status.
Hayes and Harrison (1992) assessed genetic variation within eastern woodrats using analysis of mitochondrial DNA restriction sites. These authors identified 3 major lineages of N. floridana (southern, western, and northern) that were thought to have diverged in the early Pleistocene. Consequently, Hayes and Harrison (1992) suggested that N. magister (northern lineage) was indeed a distinct taxon and indicated that the resurrection of N. magister was warranted. Planz et al. (1996) reported comparable findings in their study of mitochondrial DNA restriction sites, although their focus was not on N. floridana and N. magister.
Hayes and Richmond (1993) examined cranial and external morphology to investigate the status of N. magister. They also sought to test the hypothesis of Schwartz and Odum (1957) involving clinal variation as the factor influencing morphologic differences between N. magister and other eastern woodrats. Their findings indicated significant differences in quantitative morphologic characteristics between N. magister and N. floridana specimens in univariate and multivariate analyses. Hayes and Richmond (1993) also determined that, although distinct clinal variation was present in most morphologic characters, those differences could not be attributed to overall patterns of morphologic variation.
Our study supports findings of Hayes and Harrison (1992) and Hayes and Richmond (1993) in several respects. First, based on parsimony, genetic distance, and likelihood analyses, N. magister does appear to be a distinct taxon. The level of genetic distinctiveness between N. magister and N. floridana samples (7.9%) is of a magnitude present between other species of Neotoma (9.3-13.7%- Edwards et al. 2001 ; this study) and certainly was greater than that of the subspecific comparisons (0.83-5.3%). Second, 2 additional lineages were apparent within N. floridana (western and southern). Divergence values between these 2 lineages are similar to those reported by Hayes and Harrison (1992) and lend further support to the hypothesized biogeographic history of eastern woodrats, including support for proposed vicariance and dispersal events. Obviously, further sampling and investigations are needed to address questions concerning divergence and taxon boundaries between these 2 lineages. For example, Hayes and Harrison (1992) reported average sequences divergence levels of 0.7% within the northern lineage (N. magister), whereas divergence values generated herein were 0.6% for N. magister. These values support Hayes and Harrison's (1992) hypothesis of a relatively recent (Holocene) range expansion of this taxon into its current range. Finally, the divergence value within the southern forms generated by Hayes and Harrison (1992) was 2.8% compared with 2.7% reported herein for N. f. floridana and N. f. rubida.
Using data from our study in conjunction with the findings of 2 previous studies (Edwards et al. 2001; Hayes and Harrison 1992) , a fairly complete biogeographic history can be reconstructed for the eastern woodrats. If one assumes an average of 3% nucleotide substitutions per million years for cytochrome b (see Arbogast 1999; Arbogast and Slowinski 1998) , then this group of rodents diverged from an ancestral stock of woodrats (genus Neotoma) about 3.0-3.5 ϫ 10 6 million years ago. This date places the divergence time during the late Pliocene to early Pleistocene (Edwards et al. 2001) . Habitat reduction led to the eastward expansion of this taxon at the end of the Late Wisconsin period. N. magister most likely diverged from remaining N. floridana about 2.5 ϫ 10 6 million years ago with the remaining 2 lineages (western and southern) diverging about 1.8 ϫ 10 6 million years ago. These divergence dates further support Hayes and Harrison's (1992) hypothesis involving a period of rapid radiation of eastern populations of Neotoma during the early to mid-Pleistocene.
